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Assessment of Snow-Cover Mapping Accuracy
in a Variety of Vegetati()n-Cover Densities

in Central Alaska

D. K Hdll,* ]J. L. Foster,*
and C. S. Benson?’

F ield and aircraft measurements were acquired in
April 1995 in central Alaska tc map snow cover with
MODIS Airborne Simulator (MAS) data, acquired from
high-altitude aircraft. The Earth Observing System
(EOS) Moderate Resolution Imaging Spectroradiometer
(MODIS) is a 36-channel system that will be launched
on the EOS-AM-1 platform in 1999. A vegetation-density
map derived from integrated reflectances (R,), from MAS
data, is compared with an independently-produced vege-
tation type and density map derived from Thematic Map-
per (TM) and ancillary data. The maps agreed to within
13%, thus corroborating the effectiveness of using the re-
flectance technique for mapping vegetation density. Snow
cover was mapped on a 13 April 1995 MAS image, using
the original MODIS prototype algorithm and an en-
hanced MODIS prototype algorithm. Field measurements
revealed that the area was completely snow covered.
With the original algorithm, snow was mapped in 96%
of the pixels having <50% vegetation-cover density ac-
cording to the R, map, while in the areas having vegeta-
tion-cover densities =50%, sncw was mapped in only
71% of the pixels. When the enhanced MODIS snow-
mapping algorithm was employed, 99% of the pixels hav-
ing <50% vegetation-cover density were mapped, and
98% of the pixels with =50% vegetation-cover density
were mapped as snow covered. These results demonstrate
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that the enhanced algorithm represents a significant im-
provement over the original MODIS prototype algorithm
especially in the mapping of snow in dense vegetation.
The enhanced algorithm will thus be adopted as the MO-
DIS at-launch snow-cover algorithm. Using this simple
method for estimating vegetation density from pixel re-
flectance, it will be possible to analyze the accuracy of
the MODIS snow-cover algorithm in a range of vegeta-
tion-cover in places where information on vegetation-
cover density is not available from ground measure-
ments. ©FElsevier Science Inc., 1998

INTRODUCTION AND BACKGROUND

During April 1995, a field and aircraft experiment was
conducted in the boreal forest of central Alaska in sup-
port of the Earth Observing System (EOS) Moderate
Resolution Imaging Spectroradiometer (MODIS) snow-
cover mapping project. MODIS is scheduled for launch
on the EOS AM-1 polar-orbiting platform in 1999. The
MODIS Airborne Simulator (MAS), a 50-channel spec-
troradiometer, was flown onboard a NASA ER-2 aircraft.
Field measurements were also acquired. An objective of
the mission was to determine the accuracy of mapping
snow in different vegetation-cover densities, using two
candidate algorithms designed to map global snow cover
using MODIS data. In order to do this, adequate knowl-
edge of the vegetation type and density in the study area
must first be obtained because the amount of snow
mapped in a given area from a satellite is dependent, in
part, on the land-cover type and vegetation-cover density.
While much information can be obtained from existing
satellite-derived vegetation-cover maps (e.g., Townshend
et al., 1993), more detailed vegetation and forest-cover
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density information is necessary to validate the snow-
mapping algorithm in various regions.

Snow accumulation is complex in the boreal forest,
and the snowpack melts later in the spring than in adja-
cent tundra or prairie areas. The boreal areas are always
snow covered during the winter months, but because the
canopy can obscure much of the snowpack from the view
of satellite sensors, it can be difficult to make accurate
estimates of snow depth or sncw-cover extent. The bo-
real forest constitutes approximately 15% of the lands
normally covered by snow in the Northern Hemisphere
during the winter. Reliable measurements of the snow
cover in boreal areas and in other forested areas are
needed.

Mapping snow cover in forested areas remains a se-
rious limitation to the remote sensing of snow cover. In
this article, we address this problem by comparing two
algorithms to map snow cover using remotely sensed
data in different land covers in central Alaska with the
goal of improving snow-cover retrieval in forests. We
first estimate vegetation-cover density using MAS-de-
rived reflectances (Hall et al., 1998), and then we com-
pare an independently-produced Landsat Thematic Map-
per (TM)-derived land-cover type and density map with
the reflectance-derived map in order to assess the accu-
racy of the reflectance-derived map. The Landsat-de-
rived vegetation type and density map is assumed to be
correct and is used as the standard for comparison pur-
poses. The accuracy of mapping snow in different surface
covers, particularly in forested a-eas, was determined for
a 13 April 1995 MAS scene at a time when nearly the
entire area was snow covered.

A fully automated algorithm has been developed that
will map global snow cover on a daily basis at 500-m spa-
tial resolution using MODIS data (Hall et al., 1995;
Riggs et al., 1996). Snow will be identified using a tech-
nique involving the normalized difference snow index
(NDSI) and the normalized difference vegetation index
(NDVI) (Klein et al., 1997; in press). At launch, there
will be daily, 8-day and 500-m resolution global snow-
cover products, and daily, 8-day and monthly composite
climate-modeling grid (CMG) products at 1/4°X1/4° spa-
tial resolution. MODIS snow and ice data products will
be archived at and distributed by the National Snow and
Ice Data Center (NSIDC) in Beulder, Colorado (Schar-
fen et al., 1997).

Previous work has shown that a dense forest canopy
can obscure the surface from not only visible sensors, but
from passive-microwave sensors as well (Foster et al.,
1991; Goodison and Walker, 1994; Chang et al, in
press). For example, in Howland, Maine, Foster et al.
(1991) found that even when the snow depth is 50 cm
or more, a dense coniferous canopy, when viewed at an
angle of 50°, absorbs most of the upwelling radiation em-
anating from the ground at the 35-GHz frequency. For
visible sensors, less snow is mapped when viewed at off-

nadir angles than when viewed at nadir. Because conifer-
ous, deciduous, and mixed coniferous—deciduous forests
are prevalent in both North America and Eurasia, some
snow that is present underneath a forest canopy will not
be mapped from space, especially at the off-nadir sensor
view angles.

Using Landsat TM and MAS data, the original
MODIS prototype snow-mapping algorithm has been
shown to be very effective in mapping snow cover in al-
pine, tundra, and prairie landscapes. Snow cover in tun-
dra and prairie areas can be mapped with nearly 100%
accuracy (when about 50% or more of the pixel is snow
covered), and snow in alpine areas can be mapped with
95% accuracy (Hall et al., 1995). However, in forested
areas, some snow cover which is known to be present
beneath the trees is not mapped because the trees ob-
scure the snow from view. Thus, the original snow-cover
mapping algorithm was modified (Klein et al., in press).

Moderate  Resolution Imaging Spectroradiometer
(MODIS). MODIS is an imaging spectroradiometer that
will use a cross-track scan mirror, collecting optics, and
a set of individual detector elements to provide imagery
of the Earth’s surface and clouds in 36 discrete spectral
bands. Key land-surface objectives are to study global
vegetation and land cover, global land-surface change,
vegetation properties, surface albedo, surface tempera-
ture, and snow and ice cover on a daily or near-daily ba-
sis (Salomonson et al., 1992. Running et al., 1994). The
spectral bands cover parts of the electromagnetic spec-
trum from approximately 0.4 um to 14.0 um. The spatial
resolution of the MODIS sensor at nadir will vary with
spectral band and from 250 m to 1 km.

MODIS Airborne Simulator (MAS). The MAS is a
spectroradiometer designed to acquire calibrated radi-
ances. The spectral coverage and radiometric response of
an existing multichannel instrument were modified to ap-
proximate the narrow spectral bands of the MODIS for
measuring scientific parameters of cloud and terrestrial
surface targets (King et al, 1996). The MAS, with 50
spectral bands in the wavelength range from 0.55 ym to
14.2 pum, is flown aboard a NASA ER-2 research aircraft
at an altitude of about 20 km. Data from MAS channels
1-10, in the visible, near-infrared, and short-wave-infra-
red parts of the spectrum, are discussed in this article
(Fig. 1). The MAS operates continuously during flights
of up to 6 h duration while recording data on 8-mm data
tape. It views 43° on either side of nadir with an Earth
swath width of 37.25 km. The 15-cm aperture spatial in-
stantaneous field-of-view is 2.5 mrad, or 50-m spatial res-
olution at nadir from the nominal aircraft height. The in-
strument consists of an optical bench-mounted sensor
within an aluminum housing, a digitizer/controller, and
tape drives. The MAS has a 16-bit digitization, allowing
12 bits of noise-free data.

Description of the MODIS snow-mapping algorithms.
Prototype snow-mapping algorithms have been devel-
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oped to map snow using TM and MAS data as surrogates
for MODIS data. The heritage for the algorithms comes
from earlier work (Kyle et al. 1978; Bunting and d’En-
tremont, 1982; Dozier, 1989) where the normalized dif-
ference of the reflectance of a visible and a short-wave-
infrared band is used to identify snow. The reflectance
of snow is very high in the visible part of the spectrum
where TM Band 2 (0.52-0.6 um) is located, and near
zero in the short-wave infrared part of the spectrum
where TM Band 5 (1.55-1.75 um) is located. The algo-
rithms are designed to detect snow, if present, in each
pixel. Optimum detection of snow cover by reflectance
properties requires that data be expressed in physical
units, for example, reflectance. Thus, the MAS and TM
digital number (DN) data are converted to reflectances.
DNs are converted to at-satellite reflectances using re-
corded gains and offsets and the formulation of Mark-
ham and Barker (1986) for conversion to at-satellite re-
flectance. MAS reflectances are also calculated from the
DNs using formulation designed specifically for the MAS
(Gumley et al., 1994). Then the NDSI is calculated in
Egs. (1) and (2) using the reflectance values. For the TM
data,

NDSI=(TM 2—TM 5)/(TM 2+TM 5). (1)
For the MAS data,
NDSI=(MAS 2—MAS 10)/(MAS 2+MAS 10), (2)

where MAS Channel 2 covers from 0.631 um to 0.684
um, and MAS Channel 10 covers from 1.582 um to
1.635 um. In the original MODIS snow-mapping algo-
rithm, snow is mapped in a pixel when the NDSI is
=0.4. In this binary classification, a pixel that is approxi-
mately 50% or more covered by snow is considered
snow-covered. Since water may also have an NDSI =0.4,
an additional test is necessary to separate snow and wa-
ter. Snow and water may be discriminated because the
reflectance of water is <11% in TM Band 4 (0.76-0.9
#m); snow is mapped when the TM Band 4 or the MAS
Channel 6 (0.806-0.848 um) reflectance is >11%, and
the NDSI =0.4.
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In order to improve the algorithm so that it maps
more snow that is known to exist in forests, an enhance-
ment of the original algorithm was developed. The nor-
malized difference vegetation index (NDVI) and the
NDSI are used together in order to discriminate be-
tween snow-free and snow-covered forests.

The major limitation in the original snow-mapping
algorithm is that the 0.4 NDSI threshold is not well
suited to the detection of snow in forests, as many snow-
covered forests have an NDSI value below 0.4. However,
these forests will have higher NDVI values than the sur-
rounding, nonforested snow-covered areas. Thus by us-
ing the NDSI and NDVI in combination, it is possible
to lower the NDSI threshold for forested pixels. In this
manner, the snow-classification accuracy can be im-
proved in forested areas without compromising perfor-
mance in other land covers where the classification accu-
racy of the original algorithm is already high.

This new NDSI-NDVI field is designed to capture
as much of the variation in NDSI-NDVI values observed
in the snow-covered forests as possible while minimizing
inclusion of non-forested pixels (Fig. 2). It was designed
to include forest-covered pixels that have NDSI values
lower than the current threshold, yet have NDVI values
lower than would be expected for snow-free conditions
(Klein et al., in press).

One additional problem occurs in detection of snow
under certain forest types. Many forest types, most nota-
bly black spruce, have very low reflectances in the 1.6
um wavelength region (TM Band 5). These low reflec-
tances cause the denominator in the NDSI to be quite
small, and only small increases in the visible wavelengths
(e.g., TM Band 2) are required to make the NDSI value
high enough to classify a pixel as snow. For instance, if
the short-wave-infrared reflectance is 5%, then it may
only take a visible reflectance of 12% for the NDSI to
exceed the 0.40 threshold. This problem is exacerbated
when the NDSI/NDVI threshold is employed, as lower
NDSI values will be classified as snow. To limit errors
of commission in the enhanced MODIS snow-cover
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Figure 2. NDSI versus NDVI plot for coniferous and deciduous forest stands in central
Saskatchewan. Gray points are from a 6 August 1990 TM scene and black points are from

a 6 February 1994 TM scene. The hatched area contains NDSI values considered to be
snow in the original algorithm, while the gray-shaded region represents the new field for cap-

turing snow-covered forests in the enhanced
al., in press).

mapping algorithm, a visible threshold is used to prevent
pixels with very low visible reflectances from being classi-
fied as snow as has previously been suggested (Dozier,
1989). Here a threshold of 10% in TM band 2 was used.
Landsat TM band 2 was selected over TM Band 1 (0.45-
0.52 um) because of the effects of Rayleigh scattering
are greater at shorter wavelengths.

To map snow cover following the MODIS launch,
the MODIS snow-mapping algorithm will employ at-sat-
ellite reflectances in MODIS Bands 4 (0.545-0.565 um)
and 6 (1.628-1.652 um) to calculate the NDSI. A pixel
will be mapped as snow if the NDSI is =0.4 and reflec-
tance in MODIS Band 2 (0.841-0.876 um) is >11%.
However, if the MODIS Band 4 reflectance is <10%,
then the pixel will not be mapped as snow even if the
other criteria are met. This prevents pixels containing
very dark targets from being mapped as snow. In addi-
tion, MODIS Bands 1 (0.620-0.670 gm) and 2 will be
used to calculate the NDVI to permit mapping snow in
forests. If a pixel has NDSI and NDVI values within an
irregular polygon as determined from canopy-reflectance
modeling (Fig. 2), it is mapped as snow covered.

RESULTS AND DISCUSSION

Vegetation-cover density map derived from MAS-derived
reflectances. Vegetation-cover density was estimated

MODIS snow-mapping algorithm (from Klein et

from integrated reflectance (R;) values in the 13 April
1995 MAS scene acquired over central Alaska (Fig. 3
top) in the following manner. The integrated reflectance
is the reflectance integrated over a portion of the elec-
tromagnetic spectrum (Hall et al., 1989). The highest R,
values correspond to snow-covered bare areas or areas
covered with very low vegetation, snow-covered ice, or
low-density broadleaf forests, and the lowest R; values
correspond to the low-, medium-, and high-density
spruce and mixed forests and the medium- and high-
density broadleaf forests. A linear relationship between
reflectance and vegetation-cover density is developed
from the maximum and minimum reflectances in the
scene as has been done by other researchers (Robinson
and Kukla, 1984; 1985; Foster et al., 1994) to estimate
snow albedo and vegetation density. Ten categories of re-
flectance are delineated. To simplify the map, we divided
the map into only two categories: vegetation-cover den-
sity of <50% and =30% (Fig. 3 bottom). For this study,
this map was compared with a vegetation type and den-
sity map derived from TM and ancillary data (described
below). Then, the original and the enhanced MODIS
snow-mapping algorithms were run on the 13 April MAS
scene, and the accuracy of snow mapping in different
vegetation types and densities was assessed. On 13 April,
the study area in central Alaska was completely snow



Figure 3. Vegetation-cover density map of a subscene of the 13 April 1995
MAS scene over central Alaska, derived from MAS-derived reflectance
data. Vegetation-cover density is given from 0-100% in increments of 10
as shown in the various colors (top). The black and white image (bottom)
shows the same area as in the color image, but only two categories of
vegetation density are shown. Black represents vegetation density =50%,
and white represents vegetation density <<50% as derived by the reflectance
method. Gray represents clouds, shadows, and other areas that could not
be classified.
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Figure 4. Vegetation type and density map determined from Landsat TM
(22 June 1991) and ancillary data. 23 classes of vegetation type and density
were combined to yield 11 classes as shown (top). The black and white
image (bottom) shows only two categories of vegetation density. Black
includes the following classes: low, medium, and high density spruce and
mixed forests, and medium and high density broadleaf forests. White repre-
sents water, low-density broadleaf forests, and broadleaf shrub, muskeg,
tundra, grasses, burned areas, and nonvegetated areas. Gray represents
clonds, shadows, and other arcas that could not be classified.
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covered except for the downtown area of Fairbanks, but
the snow was melting rapidly.

The maximum and minimum visible/near-infrared
integrated reflectances (MAS Channels 1-9) were mea-
sured in the 13 April MAS subscene from a location near
Harding Lake which is about 60 km southeast of Fair-
banks. Determination of the E, is done in the following
manner. The energy distribution in the spectrum of di-
rect solar radiation at different levels of the atmosphere
is known for specified atmospteric conditions. By know-
ing the reflectance of a specified target (for example, the
reflectance of snow, measured using the MAS sensor), at
certain wavelengths, one can compute R; for each pixel
in the scene, using solar energy, SE, and measured re-

flectance, R, according to Eq. (3) (Hall et al., 1989):

0.970 0.970
Ri=(2(SE¢R))+ > SE, (3)
0.527 0.527
where SE, in W cm™2, is found in Kondrat'ev (1973) as-
suming a clear sky atmosphere that contains 1.0 cm of
precipitable water, 0.35 cm of ozone, and an aerosol con-
centration of 200 cm ™ at the Earth’s surface. Values are
given for an atmospheric mass, m=1.5. The summation
from 0.527 pm to 0.970 um represents the MAS Chan-
nels 1-9. Data from the visible and near-infrared part of
the spectrum were also used by Robinson and Kukla
(1985) and Knap and Oerlemans (1996) in order to map

snow and ice albedo.

TM-derived vegetation map of central Alaska. A veg-
etation type and density map which shows 23 distinct
land-cover types or forest-cover densities was developed
using a 22 June 1991 TM scene and ancillary data. First,
the original TM pixels were stratified into separate grids:
snow/ice and clouds, nonvegetated pixels based on
NDVI, and vegetated pixels stratified into separate grids
of level, northerly and southerly slopes. For all cold pix-
els (when TM Band 6 (10.4-12.5 um) DNs are <110),
a TM Band 7 (2.08-2.35 um) DN threshold was used to
separate clouds from snow/ice (TM Band 7<50=snow/
ice, TM band 7=50=clouds). This yielded a grid of
snow/ice, clouds, and unclassified pixels.

Vegetated versus nonvegetated pixels were then dis-
tinguished using an NDVI threshold value. The NDVI
was computed in Eq. (4) from DNs and scaled from 0
to 200:

NDVI=int({(float(tm4-rec—tm3-rec)/float
X{(tm4d~rec+tm3—rec))+1.0)=100), (4)

where tm4—rec and tm3—rec refer to TM digital num-
bers from the rectified TM Bands 4 and 3 (0.63-0.69
um), respectively.

Then, using 1:15,840 color-infrared aerial photo-
graphs acquired in 1994, vegetsted versus nonvegetated
surfaces were separated by a DN threshold value of 127.
For all nonvegetated pixels, an ISODATA unsupervised
classification was performed using maximum likelihood

Table 1. Classes of Land Cover Type and Vegetation
Density Computed Using TM and Ancillary Data

Class Description
Water
1 Clear water
2 Turbid (glacial) water
Vegetated

3 Broadleaf shrub

4 Broadleaf forest—low density

5 Broadleaf forest—medium density

6 Broadleaf forest~high density

7 Mixed broadleaf/conifer—low density

8 Mixed broadleat/conifer—medium density
9 Mixed broadleat/conifer—high density
10 Large spruce—low density
11 Large spruce—medium density
12 Large spruce—high density
13 Small spruce—low density
14 Small spruce—medium density
15 Small spruce—high density
16 Muskeg
17 Tundra
18 Grasses/past burn
Nonvegetated
19 Barren
20 Clouds
21 Shadow
23 Recent burn (low NDVI)

as the class assignment rule. Thirty spectral classes were
generated. Hierarchical cluster analysis and color-infra-
red aerial photography were used to group these spectral
classes into clear water, turbid water, barren/rock, and
recent burn cover types. This yielded a grid containing
these four nonvegetated classes and unclassified pixels.
A digijtal elevation model (DEM) was used to stratify
the vegetated pixels into: level pixels, pixels on northerly
slopes, and pixels on southerly slopes. Level pixels are
pixels with a computed slope <5%. Northerly pixels are
pixels with computed slope =5 % and aspect between
0-90° and 315-360°. Southerly pixels are pixels with a

Table 2. Eleven Classes of Land Cover Type and Density
Derived from the Original 23 Classes as Shown in Table 1

Class

Description

1 Broadleaf shrub, muskeg, tundra, grass burn,
barren, snow/ice

Broadleaf forest—low density

Broadleaf forest—medium density

Broadleaf forest—high density

Mixed broadleaf/conifer—low density

Mixed broadleaf/conifer—medium density

Mixed broadleat/conifer—high density

Large and small spruce—low density

Large and small spruce—medium density

Large and small spruce—high density

Clear water and turbid (glacial) water

[l (e SN [e I L SNV I )

P




computed slope =5% and an aspect between 90° and
315°. Thus there are three grids for selecting the TM
bands for classification (level pixels, northerly pixels, and
southerly pixels). An ISODATA unsupervised classifica-
tion was performed using maximum likelihood as the
class assignment rule with target of 30 spectral classes
for each of the three grids. Hierarchical cluster analysis
and color-infrared aerial photography was then used to
group these spectral classes. This yielded three more
grids (one from each slope class, i.e., water, vegetated,
and nonvegetated) of vegetation classes (Table 1).

Snow/clouds, unvegetated classes (clear water, turbid
water, barren/rock, and recent burn cover) and vegetated
classes were merged to create a classified image. Inter-
active editing was used to correct any cloud shadow that
was misclassified as clear water. The 23 classes were then
simplified into 11 classes (Table 2) to produce an image
as shown in Figure 4 (top).

Error analysis of the TM-derived vegetation type

and density map. The Landsat TM forest density classes
were assessed for classification error by using the color-
infrared aerial photography as the reference data. The
photography covered approximately 1% of the TM scene.
Thirty points were randomly generated within each for-
est (broadleaf, conifer, mixed) class. These points were
displayed over the TM color-infrared image (TM4=red,
TM3=green, TM2=blue). Each displayed point was
then located on a color-infrared photograph and stereo-
scopically interpreted to forest type (broadleaf, conifer,
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mixed) and density class (<30, 30-60, and >60 crown
closure). All photointerpretation was done without knowl-
edge of the TM class of the randomly-located points. The
photo-interpreted results were compared with the TM
classifications. The overall accuracy was found to be
70%. This estimate of the classification accuracy assumes
the reference data to be without photointerpretation
errors.

Comparison of vegetation-type and density map de-
rived from TM and ancillary data versus map derived
from MAS reflectances. The Ri-derived and the TM-
derived maps (Figs. 3 and 4, respectively) were produced
by completely independent methods. The R;-derived and
the TM-derived maps were digitally registered and com-
pared after removing from consideration all pixels con-
taining clouds and cloud shadows. In the areas of the R,
density map (Fig. 3—bottom) that were classified as
<50% vegetation-cover density, the following land covers
(as mapped on the TM-derived vegetation type and den-
sity map) were found: barren, snow/ice, recent burn, tun-
dra, muskeg, grasses/past bumn, broadleaf shrub, and low-
density broadleaf forest. These classes, grouped as one
(Fig. 4—bottom), correspond to within about 13% with
the <50% vegetation-density category on the R, map. In
areas classified as =50% vegetation-cover density on the
R; map, all medium or high density forests, and all
spruce forests were found. The similarity of these inde-
pendently-derived maps [Fig. 3 (bottom) and Fig. 4 (bot-
tom)] shows that the reflectance-derived technique of es-

Table 3. Results of Snow Mapping in Each of the 23 Vegetation Type and Density Categories Derived from TM and
Ancillary Data, Using the Enhanced MODIS Snow-Mapping Algorithm

Number of
Total Pixels Mapped % Snow Cover
Pixels as Snow Mapped
1. Clear water 491 — —
2. Turbid (glacial)} water 6307 — —_
3. Broadleaf shrub 126522 125171 98.93
4. Broadleaf forest—low density 19499 19401 99.50
5. Broadleaf forest—medium density 15122 15040 99.46
6. Broadleaf forest—high density 71914 68537 95.30
7. Mixed broadleaf/conifer—low density 50833 50220 98.79
8. Mixed broadleaf/conifer—medium density 31470 30964 98.39
9. Mixed broadleaf/conifer—high density 43129 42609 98.79
10. Large spruce—low density 0357 20223 99.34
11. Large spruce—medium density 25548 25245 98.81
12. Large spruce—high density 6756 6659 98.56
13. Small spruce—low density 32345 32210 99.58
14. Small spruce—medium density 41068 40950 99.71
15. Small spruce—high density 15384 15282 99.34
16. Muskeg 82254 81913 99.59
17. Tundra 22816 22413 98.23
18. Grasses past burn 19081 18988 99.51
19. Barren 17180 16857 98.12
20. Clouds 7413 — —
21. Shadow 18798 — —_
22. Snowf/ice 3657 3563 97.43
23. Recent burn (low NDVI) 29868 29766 99.66
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timating vegetation-cover density can be successfully
used to estimate vegetation-cover density over large ar-
eas when the ground is completely snow covered, at least
in central Alaska.

Comparison of results of the original versus the en-
hanced snow-mapping algorithims. Using the original
MODIS snow-mapping algorithra on the 13 April 1995
MAS scene, 96% of the pixels are mapped as snow cov-
ered in the less-dense vegetation category (<50% density
according to the R, map), and 71% of the pixels are
mapped as snow covered in the more-dense vegetation
category (=50%). Using the enhanced MODIS snow-
mapping algorithm, 99% of the pixels are mapped as
snow covered in the less-dense vegetation-cover density
category derived from the R, map, and 98% of the pixels
are mapped as snow covered in the more-dense vegeta-
tion-cover density category. Using the enhanced algo-
rithm, the land cover in which the least amount of snow

is mapped is the high-density broadleaf forest (95% of

the pixels), even though the leaves were not on the trees
when the snow was mapped using the MAS data ac-
quired on 13 April 1995. Even less snow was mapped
there, than in the high-density large spruce (99% of the
pixels) or the high-density mixed forest (99% of the pix-
els) (Table 3).

CONCLUSIONS

At least in central Alaska, the technique of using the win-
tertime reflectances as a surrogatz measure of vegetation
density (Robinson and Kukla, 1985; Foster et al., 1994)
appears to be valid. In this article, we compared a vege-
tation-density map derived from integrated reflectances
(from Channels 1-9 of MAS data), with an indepen-
dently produced vegetation type and density map (de-
rived from TM and ancillary data). The TM-derived map
is assumed to be an accurate depiction of the actual veg-
etation type and density. All spruce forests, and all conif-
erous and deciduous medium- and high-density forests,
were classified as corresponding to vegetation densities
of =50% on the R; map, while all other surface covers,
including low-density broadleaf fcrests, were classified as
corresponding to vegetation densities of <50%. The
maps agreed to within 13%. The forest-cover type and
density must be considered when determining the accu-
racy of snow mapping in different land covers. As deter-
mined from 11 land-cover categories from the TM-de-
rived map, the least amount of snow (95%) was mapped
in the high-density broadleaf forests using the en-
hanced algorithm.

Snow on the 13 April 1995 MAS scene was mapped
using the original MODIS prototype algorithm and the
enhanced prototype algorithm. Field measurements re-
vealed that the area was completely snow-covered. With
the original algorithm, 96% of the pixels were snow-cov-
ered in the areas having <50% vegetation-cover density,

while, in the areas having vegetation-cover densities
=50%, only 71% of the pixels were mapped as snow-
covered. When the enhanced MODIS snow-mapping al-
gorithm was employed, 99% of the pixels were mapped
as snow in the less-dense vegetation (<50% density) cat-
egory, and 98% of the snow pixels were mapped as snow
in the denser vegetation category (=50% density). The
enhanced algorithm represents a significant improve-
ment over the original MODIS prototype algorithm in
mapping snow in dense forests and it will thus be
adopted as the MODIS at-launch snow-cover mapping
algorithm.

The authors would like to thank Janet Chien/GSC, Laurel,
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